Abstract: Fiber-reinforced polymer (FRP) strengthening systems for infill-masonry walls are typically designed to resist flexural stresses caused by out-of-plane pressure. Previous research has shown that there are potential premature failure mechanisms caused by shear sliding of the infill, which could reduce the effectiveness of the strengthening system. Current design guidelines for strengthening of masonry walls with FRP do not include guidelines for infill-masonry. This paper presents a rational approach for the design and analysis of FRPstrengthened infill-masonry walls subjected to out-of-plane loading, including the effect of using FRP end anchorage. The approach is based on consideration of four potential mechanisms: arching, shear sliding, debonding of the FRP in the overlap region, and failure of the FRP endanchorage system. The predictions based on the proposed rational approach agree well with the measured values from two experimental programs.
Introduction
Retrofitting of masonry infill walls with fiber-reinforced polymers (FRPs) has recently been considered as an effective system to increase the strength and ductility of masonry structures. The use of FRP strengthening can reduce the risk of collapse under extreme loading conditions such as possible differential pressure caused by a tornado. Current guidelines for strengthening of masonry walls with FRP, such as ACI 440.7R-10 [American Concrete Institute (ACI) Committee 440 2010], do not include guidelines for infillmasonry. This paper presents a rational approach for the design of FRP-strengthened infill-masonry walls subjected to out-of-plane loading, including the effect of using FRP end anchorage.
Fiber-reinforced polymer strengthening systems for masonry are typically designed to resist out-of-plane flexural stresses. Previous research has shown that there are potential premature failure mechanisms resulting from shear sliding of the infill, which can significantly reduce the effectiveness of the strengthening system (Lunn et al. 2012; . To achieve an efficient design that can delay or prevent premature failure, the following four potential mechanisms should be considered: arching, shear sliding, debonding of the FRP in the overlap region, and anchorage failure. The effectiveness of the proposed approach was evaluated by comparing the predicted maximum pressures that can be achieved by the strengthened infill wall to the measured maximum pressures from two extensive experimental programs conducted and reported by the authors (Lunn et al. 2012; . These experimental programs investigated the behavior of full-scale FRP-strengthened infill-masonry walls subjected to uniformly-distributed out-of-plane pressure by using an airbag. Table 1 provides the details of the specimens tested in the two programs. The one-way infill wall specimens were not restrained on the sides and thus spanned in the vertical direction only, whereas the two-way infill wall specimens were surrounded on all four sides by a reinforced concrete frame, as shown in Fig. 1 . All walls were constructed with solid concrete bricks and type S mortar in accordance with ASTM C270 (ASTM 2007) . Double wythe walls 2-1, 2-3, and 2-5 had a solid mortar collar joint between the wythes and walls 2-6 to 2-9 had no fill between the wythes. Various end anchorages were tested, including overlapping the FRP onto the supporting concrete frame and FRP anchors, as shown in Fig. 2 . The different types of FRP used were glass FRP (GFRP), polyethylene terephthalate (PET), and carbon FRP (CFRP). In each case, the FRP was applied only to the exterior surface of the wall. Table 1 also provides the height (h), width (b), and thickness (t) of the wall and the unified fiber reinforcement ratio (nρ f ), where n is the modular ratio of the FRP with respect to the masonry material, and ρ f is the FRP reinforcement ratio with respect to the masonry cross section. Details of the proposed rational design approach including the various possible mechanisms are discussed in the following sections.
Arching Mechanism
The dominant out-of-plane resisting mechanism for infill-masonry is the arching mechanism. Various approaches have been developed to estimate the resistance provided by the arching mechanism, including the Masonry Standards Joint Committee (MSJC) code (MSJC 2011) . However, few researchers have studied the effect of FRP on the resistance provided by the arching mechanism. Hrynyk and Myers (2008) developed an approach to determine the capacity based on the arching mechanism, which includes the contribution of the FRP. The approach considers three possible failure modes: (1) crushing of the masonry in compression, (2) debonding of the FRP in the region of maximum moment, and (3) rupture of the FRP in the region of maximum moment. The assumptions of 
elastic shortening caused by the in-plane arch thrust force, and (5) eccentricity of the arch thrust force measured from the wall centerline. The assumed free-body diagram of an upper half of a wall demonstrating the arching mechanism is shown in Fig. 3 , in which the forces acting on the section are as follows: C and F TH are the compression forces at midheight and at the top, respectively; T is the tension force provided by the FRP at midheight; W is the resultant force of the applied uniformly distributed lateral pressure, q; and R is the horizontal reaction at the top of the wall. F TH is also called the thrust force of the arching action. The eccentricity (e) of the thrust force (F TH ) with respect to the wall centerline is related to the thickness of the wall (t) through an assumed empirical constant (k). From strain compatibility and equilibrium, the maximum pressure corresponding to the arching mechanism (q ar ) can be determined. Details of the equations used to determine the arching failure pressure (q ar ) are provided by Hrynyk and Myers (2008) . In addition, a detailed numerical example is provided by Lunn (2013) . Table 2 and Fig. 4 compare the measured maximum pressure with the predicted arching failure pressure according to Hyrnyk and Myers' (2008) approach for test walls reported by Lunn et al. (2012) and . The comparison clearly indicates that predictions based solely on the arching mechanism overestimated the maximum pressure for many of the tested walls failing because of other mechanisms, including shear sliding and debonding in the overlap region. This suggests the need to consider other mechanisms in addition to arching. The results also indicate that the arching mechanism provides, in most cases, the upperbound value for the pressure at failure. For two-way infill walls, considering arching along the horizontal span is as important as the arching along the height of the wall. The likelihood of horizontal arching decreases as the width-to-height aspect ratio increases, but because of differences in strength between arching perpendicular to bed joints and arching parallel to bed joints as well as differences caused by construction defects, shrinkage cracking, and boundary stiffness, it is possible for horizontal arching to govern the capacity, even for width-to-height aspect ratios greater than 1.0. Two specimens, 2-2 and 2-4, were not predicted or observed to fail because of the arching mechanism. These single-wythe, two-way walls had a large height-to-thickness ratio (26.2), which, combined with the effect of the strengthening system, prevented the arching mechanism from crushing the masonry or debonding the FRP in the region of maximum moment. These walls are a further example of the need to consider additional failure mechanisms. 
Shear Sliding Mechanism
Most existing shear sliding equations for masonry consider only the initial conditions, which assume that the mortar joint is uncracked and that the frictional component of the shear resistance is related to the precompression forces. Unlike existing approaches, the proposed approach presented in this paper considers the effects of cracking and arching on the resistance to shear sliding. Shear sliding is more critical at the top bed joint of an infill wall, where the precompression forces are typically minimal and there is the potential for shrinkage of the mortar and construction defects causing gaps. The resistance to shear sliding along the top bed joint, V n , is composed of cohesive and frictional components, as given in Eq.
(1). The cohesive component is the product of the cohesion, c, and the effective shear area, A eff . The frictional component is the product of the friction coefficient, μ, and the thrust force, F TH . The equivalent applied pressure corresponding to shear sliding, q ss , can be determined by dividing the sum of the lateral reaction forces (which at shear sliding is twice the shear sliding resisting force of the top joint, V n ) by the area of the infill wall over which the applied pressure acts (which is bound by the width, b, and height, h, of the wall) using Eq. (2):
The mechanism is complicated by the fact that both the effective shear area and the thrust force vary with the increase of the applied pressure caused by the formation of the arching mechanism. Before cracking, the total net area of the bed joint resists shear sliding, and the thrust force can be ignored at this loading level, as expressed in Eq. (3) and shown in Fig. 5(a) .
Before Cracking
Because the cracking pressure is typically much less than the pressure corresponding to shear sliding, the sliding resistance after cracking is more critical for design. After cracking, the effective shear area is greatly reduced and the thrust force increases substantially, as shown in Fig. 5(b) . Finite-element analysis (Lunn 2013) indicates that the effective shear area is reduced to approximately 20% of the total net area of the bed joint and therefore can be conservatively assumed as 10% of the total net area, as given in Eq. (4a). This behavior is evident by the finite-element analysis of a FRP-strengthened infill wall with FRP anchors (specimen 1-5 from Lunn et al. 2012) , shown in Figs. 6(a and b) for the reduction of the effective shear area and increase in thrust forces, respectively. The thrust force can be expressed as a function of the applied pressure (q), the height (h), and width (b) of the infill wall and an empirical shear sliding factor (α ss ), as given in Eq. (4b).
After Cracking
Assuming the cohesion is 0.4 MPa and the friction coefficient is 0.45, as typically used by the MSJC (2011) code, and combining Eqs. (1), (2), and (4), the maximum pressure (q ss ) (in megapascals) corresponding to shear sliding can be determined by using Eq. (5). The shear sliding factor (α ss ) depends primarily on the unified fiber reinforcement ratio (nρ f ) and the height-to-thickness ratio of the infill wall (h=t). Because the FRP strengthening increases the flexural stiffness of the infill wall, the flexural deformation is typically less compared with an unstrengthened infill wall. This behavior leads to a reduction of the rate at which thrust forces develop with respect to the applied pressure. Similarly, infill walls with larger height-to-thickness ratios develop thrust forces more slowly than walls with smaller height-to-thickness ratios. The measured maximum pressures of walls failing because of shear sliding from the experimental program reported by were used to develop the empirical shear sliding factor given in Eq. (5). For some infill walls, especially those without FRP strengthening and with a small height-to-thickness ratio, the calculated shear sliding factor may lead to a negative output for the shear sliding pressure (q ss ), which suggests that shear sliding will not occur for such infill walls. Eq. (5) assumes that shear sliding of the top mortar joint is the governing failure mechanism. For two-way walls, the contribution of the vertical head joints on the left and right sides of the infill wall to the overall shear sliding resistance (in megapascals) is ignored in Eq. (5) for simplicity:
where α ss ¼ 3.8½ðh=tÞð1 þ 100nρ f Þ −0.5 . Table 3 compares the predicted maximum pressure by considering arching (as discussed previously) and shear sliding to the measured maximum pressure of walls failing because of shear sliding from the experimental program reported by . For walls with no overlap of the FRP onto the supporting frame, as shown in Fig. 2(a) , the predicted maximum pressure is the minimum of the maximum pressures corresponding to the arching mechanism and shear sliding. In every case considered, the predicted shear sliding pressure governed the capacity. The resulting predicted maximum pressure, q n , correlates well with the measured maximum pressures.
Debonding of FRP in Overlap Region
The experimental results reported by clearly indicate that using an overlap of the FRP-strengthening onto the surrounding concrete frame can increase the maximum pressure for infill-masonry walls. The research indicates that the increase in the resistance is influenced by several factors: (1) the contribution of the FRP bond strength within the overlap region; (2) the increase in the frictional resistance along the bed joint as a result of the delay in shear sliding caused by the FRP bond; and (3) the contribution of the dowel force, P d , of the FRP strengthening system within the overlap region, as shown in Fig. 7 . The first two factors affect the pressure at which shear sliding occurs, and the third factor influences the response after the initiation of shear sliding. To determine the dowel force (P d ), Dai et al. (2007) introduced a relationship between the interface peeling energy (G fs ) and the peeling angle (θ). Dai et al. (2007) formulated the relationship for the case when peeling occurs on both sides of the applied load. For the case of FRP-strengthened infill walls, the peeling typically occurs on one side, and thus the proposed dowel force in this paper has been modified to represent the case of a masonry infill wall with peeling occurring on one side. The modified relationship is given by Eq. (6), where E f and t f are the modulus and thickness of the FRP, respectively. Dai et al.'s research indicated a significant scatter in the interface peeling energy (G fs ), with minimum and maximum values of 0.2 and 1.2 N=mm, respectively. By using a representative value of 0.5 N=mm, the peeling angle can be estimated from Eq. (7). The dowel force (P d ) is the horizontal component of the tension resistance of the FRP for an assumed relative displacement between the infill and the supporting concrete frame (Δ) and a peeled length (L p ) measured vertically along the RC frame, as shown in Fig. 7 . By using the estimated peeling angle, the dowel force can be determined from Eq. (8), where ε f and b f are the strain and the width of the FRP, respectively. The horizontal reaction force (R) can be estimated as the summation of the frictional component caused by the thrust force (F TH ) and the FRP dowel force (P d ), as given by Eq. (9), where α db is an empirical debonding factor used to relate the thrust force to the applied pressure (q). Because of the significant sliding of the wall and the reduction of the contact area, the effect of the cohesion is ignored in Eq. (9). Therefore, the equivalent pressure corresponding to debonding of the FRP in the overlap region, q db , can be determined by dividing the sum of the lateral reaction forces by the area of the face of the wall over which the pressure acts, as given in Eq. (10). Assuming the same friction coefficient (0.45), as typically used by the MSJC (2011) code, the pressure corresponding to debonding of the FRP in the overlap region (q db ) may be determined from Eq. (11). The measured maximum pressure of walls that failed because of debonding in the overlap region from experimental programs reported by Lunn et al. (2012) and were used to develop the proposed empirical equation for the debonding factor, α db . Eq. (11) assumes that shear sliding followed by FRP debonding at the top mortar joint is the governing failure mechanism. For two-way walls, the contribution of any additional FRP with the fibers oriented horizontally and overlapped onto the RC columns to the left and right of the infill is ignored in Eq. (11) for simplicity: Fig. 7 . Debonding mechanism for FRP-strengthened infill walls with overlap
where E f is expressed in megapascals and t f in millimeters.
where ε f ¼ 1= cos θ − 1.
where
where α db ¼ 3.5½ðh=tÞð1 þ 10nρ f Þ −0.5 . Table 4 compares the predicted maximum pressure by considering arching (as discussed previously) and debonding in the overlap region with the measured maximum pressure of walls failing because of debonding in the overlap region from the experimental programs reported by Lunn et al. (2012) and . For walls with overlap of the FRP onto the supporting frame, as shown in Figs. 2(b and c) , the predicted maximum pressure is the minimum of the maximum pressures corresponding to the arching mechanism and debonding, respectively. In every case considered, the predicted debonding pressure governed the capacity. The resulting predicted maximum pressure, q n , correlates well with the measured maximum pressures.
Anchorage Failure
End anchorage of the FRP strengthening system has become a typical detail for most FRP strengthening systems for concrete and masonry structures. For masonry infill walls, Lunn (2013) reported several anchorage systems including FRP anchors, shear keys, embedded bars, and steel shear restraints. For the case of FRP anchors, shown in Fig. 2(d) , failure of the anchors have been reported to be the result of pullout of the anchors from the substrate, rupture of the anchors, or a combination of pullout and bond failure (Lunn et al. 2012) . Sliding of the infill wall causes debonding of the FRP strengthening up to the level of the FRP anchors, eventually leading to failure of the FRP anchors. Typical debonding of the anchorage is shown in Fig. 8 . At ultimate, the nominal horizontal reaction (R) is the summation of the frictional component caused by the thrust force (F TH ) and the lateral component of the anchorage capacity (N a ). By the time the anchorage fails, the wall may have displaced enough such that arching action is no longer effective and the thrust force diminishes. Therefore, the maximum pressure corresponding to anchorage failure (q an ) can be estimated according to only the anchorage capacity by dividing the sum of the lateral reaction forces by the area of the face of the wall over which the pressure acts, as proposed in Eq. (12). The capacity of the anchors depends primarily on (1) the embedment depth of the anchor, (2) the compression strength of the concrete substrate, (3) the dimensions of the anchor and anchor hole, and (4) the rupture strength of the anchor. This capacity can be determined from the manufacturer or by using the available literature on FRP anchors (Kim and Smith 2010) : Table 5 compares the predicted maximum pressure by considering arching (as discussed previously) and anchorage failure to the measured maximum pressure of walls failing because of FRP anchor pullout from the experimental program reported by Lunn et al. (2012) . For walls with FRP anchors, as shown in Fig. 2(d) , the predicted maximum pressure is the minimum of the maximum pressures corresponding to the arching mechanism and anchorage failure. For the PET-strengthened specimen with FRP anchors, 1-6, anchorage failure controlled the predicted maximum pressure. For the GFRP-strengthened specimen with FRP anchors, 1-5, arching was predicted to cause crushing of the masonry before reaching the pullout strength of the FRP anchors; however, the observed mode of failure was FRP anchor pullout at an applied pressure exceeding the predicted value for crushing. This indicates that the arching analysis can be conservative if sufficient anchorage is provided to delay premature mechanisms. The predicted anchorage failure pressure, q an , exceeded the measured maximum pressure by approximately 6%. This overestimate may be partly attributable to a shallower embedment depth than expected and highlights the need for strict quality-control practices for FRP anchor installation. The overall predicted maximum pressure, q n , correlates well with the measured maximum pressure. 
Comparison
The predicted maximum pressure using the proposed rational approach correlates well with the measured maximum pressure from the experimental programs reported by Lunn et al. (2012) and , as shown in Fig. 9 . In every case considered, the measured maximum pressure exceeded the predicted maximum pressure. The results clearly indicate that considering failure mechanisms related to shear sliding, debonding, and anchorage failure can significantly improve the prediction relative to considering the arching mechanism only.
Design Process
It is recommended to use a strength reduction factor of φ ¼ 0.6 for the design for the four mechanisms considered in the proposed rational approach. This recommendation is based on the strength reduction factor required by the MSJC (2011) code for infillmasonry and the ACI design guidelines for FRP-strengthening of masonry for out-of-plane loading (ACI Committee 440 2010). The justification for using this low value is based on the typical brittle failure observed from the experimental programs. The reduced nominal capacity (φq n ) should be designed to exceed the factored ultimate loading (q u ), as given in Eq. (13):
A detailed design example using the proposed approach is presented in Lunn (2013) . The first step in the proposed design process for FRP strengthening of infill-masonry walls is to determine the amount of FRP required by considering the arching mechanism. For a particular FRP strengthening system, the cross-sectional area of the FRP necessary to resist the design pressure is determined through a trial-and-error process using the analysis approach presented by Hrynyk and Myers (2008) . Next, the anchorage system is designed to prevent premature failure mechanisms. When the FRP is not overlapped onto the supporting frame and no anchorage is provided, the pressure corresponding to shear sliding is determined by using the approach presented in this paper and is compared with the design pressure. If "no overlap" is inadequate to resist the design pressure, then overlap of the FRP onto the supporting frame should be provided. The pressure corresponding to debonding of the FRP in the overlap region is determined by using the approach presented in this paper. If overlap alone is insufficient to resist the design pressure, then an additional form of anchorage should be provided. The size, number, and configuration of FRP anchors is determined by using the pullout strength of the anchors and by requiring that the anchors be capable of resisting the full lateral force produced by the design pressure. Alternatively, other types of anchorage may be used, such as embedded FRP bars or steel shear restraints, and these should also be designed to resist the full lateral force produced by the design pressure.
Conclusions
Design of FRP strengthening systems for infill-masonry structures for out-of-plane loading should consider four potential mechanisms: arching, shear sliding, debonding of the FRP in the overlap region, and end-anchorage failure. The first limit state, which is related to arching, considers the failure modes of masonry crushing in compression and FRP debonding (or rupture) in tension and represents an upper bound of the capacity of the wall. This arching analysis can be used to design the FRP system. The other three limit states can be used to determine what type of end anchorage is required to prevent premature failure. Comparison between the predicted maximum pressure using the proposed rational approach and the measured maximum pressure from two experimental programs conducted by the authors showed good correlation. Overall, the predicted values were not overly conservative and correctly identified the controlling limit state in the majority of cases.
q ar = applied pressure corresponding to arching failure mechanism; q db = applied pressure corresponding to debonding of FRP in overlap region; q n = predicted maximum pressure; q ss = applied pressure corresponding to shear sliding; q u = factored ultimate design loading; R = horizontal reaction force at top and bottom of infill wall; T = tension force provided by FRP at midheight of infill wall; t = thickness of infill wall; t f = thickness of FRP; V n = resistance to shear sliding along top bed joint; W = resultant force of applied uniformly distributed lateral pressure; α db = empirical debonding factor relating applied pressure to thrust force for infill walls with FRP overlap anchorage; α ss = empirical shear sliding factor relating applied pressure to thrust force; Δ = relative displacement between infill wall and supporting frame; ε f = FRP strain; θ = peeling angle; μ = friction coefficient; ρ f = FRP reinforcement ratio with respect to masonry cross section; and φ = strength reduction factor.
